of a mechanism that controls organ size. Interestingly, generated in the same recombination event and marked with a cell surface marker, and a "neutral" clone expresslocalized expression of some growth regulators in imaginal discs, such as the Phosphoinositide 3-Kinase (PI3K) ing ␤-galactosidase, generated at the same time as the other two clones but in an independent, flp-out recombiDp110, override size control and cause wing overgrowth, whereas localized expression of dMyc, another nation ( Figure 1A , see Supplemental Figure S1 at http:// www.cell.com/cgi/content/full/117/1/107/DC1). The Gal4 potent growth promoter, allows appropriate wing size Weinkove et al., 1999) .
clones were generated by mitotic recombination, which removed the Gal4 inhibitor Gal80 (Supplemental Figure myc, a gene whose deregulation is prominent in cancer, is a critical regulator of growth in flies and in mam-S1A) (Lee and Luo, 1999) . Cells in the monolayered wing disc remain associated with their siblings after cell mals (Iritani and Eisenman, 1999; Johnston et al., 1999; Trumpp et al., 2001) . In previous work, we demonstrated division and move little during the disc growth period, permitting clone area measurements to be accurate asthat Drosophila myc (dmyc) mutant cells grow poorly and are outcompeted by their more robust wild-type sessments of growth (Neufeld et al., 1998) . We thus measured clonal growth by analyzing the clone area for neighbors in mosaic wing discs . These studies and our observation that regional overexeach of the three clone types ( Figure 1A ). Our assay worked as follows: if cell competition is induced by Gal4/ pression of dMyc does not alter wing size prompted us to explore cell competition and its requirements and to growth regulator-expressing clones, the size of sibling clones will be smaller than sibling clones in control discs determine its relationship to control of organ size. For example, is a difference in growth rates between populanot expressing the growth regulator. Neutral clones are distributed randomly throughout the disc and serve as tions of cells sufficient to induce competition? Normally, wing disc cells proliferate with balanced rates of cell an internal control, providing information about how proximity to cells expressing a growth regulator affects division and cellular growth. Expression of the "unbalanced" growth regulators in Drosophila, such as dMyc competition. In control experiments, the Gal4, sibling, and neutral clones were similar in size, indicating that and Dp110, accelerate cellular growth but not cell division, resulting in larger cell size but not cell number they grew at similar rates and that the presence of Gal80,
Gal4/GFP, or ␤-gal per se did not affect the growth of (Johnston and Gallant, 2002). Expression of other "balanced" growth regulators-e.g., cyclin D ϩ Cdk4-wing disc cells (Figure 1B, Control). increases cell number by accelerating both rates of cellular biosynthesis and cell division equally (Datar et al., Cell Competition Is Induced by dMyc but Not 2000). This distinction is of interest, since previous work
Dp110 or Cyclin D ϩ Cdk4 on cell competition has used Minutes, in which "balTo ask whether cell competition is always induced when anced" growth occurs (Neufeld et al., 1998) .
populations of cells with different growth rates are genTo carry out a detailed study of cell competition and erated in a wing disc, we used the three-clone assay to its involvement in control of organ size, we have utilized generate Gal4 clones expressing the growth regulators assays in the Drosophila wing that allow direct measuredMyc, Dp110, or cyclin D in combination with its obligate ment of cell competition induced by different growth kinase partner, Cdk4, in the developing wing disc. We inputs. We demonstrate that cell competition is not an then compared the size of the Gal4, sibling, and neutral invariable consequence of differing growth rates beclones to comparable clone types in control discs. As tween cell populations, that local dMyc expression inexpected, Gal4 clones expressing dMyc, Dp110, or duces cell competition similar to that in Minute mosaics, CycD ϩ Cdk4 were significantly larger than control Gal4 that dMyc-induced cell competition leads to death of clones, due to promotion of cellular growth rates by nearby cells via the proapoptotic gene hid, and that cell each regulator ( Figure 1B) . However, only sibling clones competition, hid function, and apoptosis are required generated in recombination events with Gal4/dMyc for proper control of wing size. In addition, we provide clones were smaller than control sibling clones. Sibling evidence that cell competition and apoptosis are part clones next to Gal4/Dp110 or Gal4/CycD ϩ Cdk4 clones of the intrinsic genetic program that controls organ size were similar in size to each other and to control sibling during development.
clones ( Figure 1B (Morata and Ripoll, 1975; Simpson, 1979; Simpson and transgene in the M(3)66D discs using the three-clone assay. The UAS-RpL14 transgene rescues certain Morata, 1981). We employed a clonal assay, which we call the "three-clone assay," to combine regulated Gal4-M(3)66D phenotypes such as bristle size when expressed with a bristle-specific Gal4 driver (J. Merriam, driven expression with mitotic recombination and "flpout" recombination technology. This combination alpersonal communication). In our assay, Gal4/RpL14 clones outgrew control clones, indicating that the translowed us to generate three types of marked clones within a wing disc: a "Gal4 clone" expressing a UASgene rescued the growth of the mutant M(3)66D cells ( Figure 1D ). In addition, Gal4/RpL14 clones competed linked growth regulator and UAS-GFP, a "sibling clone" Figures 2D-2F) . These petitive stress might lead to their death. Expression of marker, yellow (y ), flanked by FRT sites and followed by the Gal 4 gene. This allowed us to remove the dmyc, removes hid and two other proapoptotic genes, rpr and grim, into animals to reduce the dose of hid. Under both y cassette by inducing Flp recombinase and heritably express UAS-transgenes, including UAS-GFP to mark of these conditions, cell death is substantially suppressed throughout the wing disc ( Figure 2F and data the cells (see Experimental Procedures). Since the Tub Ͼ dMyc transgene was expressed in wild-type animals, not shown). In the hid/ϩ background, DppGal4/dMyc expression did not cause a growth disadvantage in excision of the dmyc, y cassette would yield cells that lacked the added expression of dMyc but still expressed neighboring cells. Neutral clones in hid/ϩ, DppGal4/ dMyc discs were similar in size whether near or far from dmyc from its endogenous locus. This situation should create competition between the different cell populadMyc-expressing cells ( Figure 4A ). These clones were also similar to the size of neutral clones in control tions, lead to the elimination of cells lacking Tub Ͼ dMyc, and reduce the overall mass of the disc.
hid/ϩ, DppGal4 discs ( Figure 4A ). Moreover, DppGal4/ dMyc expression in either the hid/ϩ or H99/ϩ backWe generated cells lacking the dmyc, y cassette by heat shock induction of flp recombinase. Clones in adult grounds resulted in a significantly larger than normal anterior compartment (Figures 4B-4D) . Thus, hid is rewings were marked by the absence of y. When recombination was induced during the first half of disc developquired for cell death resulting from dMyc-induced competition, and competition and cell death are required for ment (e.g., 48 hr after egg laying), Tub Ͼ Gal4 clones of GFP-marked disc cells were not recovered, nor were control of disc size. Furthermore, the full complement of hid gene dose is necessary to allow apoptosis due y Ϫ patches in adult wings. Marked tissue in discs and in adult wings could be observed, although infrequently, to competitive effects of dMyc, indicating that during this type of stress, disc cells are extremely sensitive to when clones were induced later (72-96 hr after egg laying) or when a stronger heat shock was used (data not levels of hid expression.
To assess the contribution of JNK signaling in cell shown and Figure 3G ). Thus, normally viable wild-type cells lacking the dmyc, y cassette were subject to incompetition and control of wing disc size, we eliminated JNK signaling, again using the hep null mutant in discs tense cell competition from surrounding Tub Ͼ dMyc cells and were rapidly eliminated. Remarkably, despite with DppGal4/dMyc, and found that wing discs were normal in size (see Supplemental Figures S3E and S3F the scarce recovery of clones, the wing discs and adult wings from these animals were reduced in size comat http://www.cell.com/cgi/content/full/117/1/107/ DC1). Only 30% of the death induced by cell competition pared to Tub Ͼ dMyc controls in which no heat shocks were given or Tub Ͼ dMyc controls lacking flp-recombiwas eliminated in the hep mutant ( Figure 2F ), indicating that these discs were still able to regulate their size by nase but subjected to heat shocks ( Figure 3G ). Taken together, our data suggest that when all cells express eliminating cells. The ability to regulate size and lack of disc overgrowth when JNK signaling is blocked is in dMyc, the wing cannot control its size properly and overgrows. However, the introduction of even small striking contrast to the effect of reducing hid dose by half in DppGal4/dMyc discs. Together, these results demclones of wild-type cells in the background of Tub Ͼ dMyc-expressing cells produces intense cell competionstrate a critical role for hid in competition-induced death and suggest that the role of JNK signaling in cell competion, resulting in the elimination of wild-type cells and in smaller wing discs and smaller adult wings. Together, tition and size control is comparatively minor. these experiments indicate that when growth rates are increased in developing wings, competitive interactions Apoptosis Is Required to Limit Wing Disc between cells allows appropriate size control.
Size Variability
Our results implicate hid-induced cell death as an important dose-dependent regulator of wing disc size during Wing Size Control Requires hid-Induced Apoptosis Since dMyc induces both growth and apoptosis in cells dMyc-induced cell competition. To determine whether regulated cell death is a general sizing mechanism used in which it is expressed (Figures 2A and 2F) (Johnston  et al., 1999) , we wished to rule out the trivial possibility in wing development, we blocked apoptosis completely by expressing P35 throughout the wing disc. To our that the increased death of dMyc-expressing cells themselves leads to the death of neighboring cells. We theresurprise, rather than causing disc overgrowth, the size of discs expressing P35 was on average similar to controls fore blocked cell death specifically in the cells that expressed dMyc by coexpressing dMyc and the caspase ( Figure 4F ). However, this genetic background revealed a role for apoptosis in limiting disc size variability ( Figure  inhibitor P35 (Hay et al., 1994; Johnston et al., 1999) . When measured by both our three-clone and DppGal4 4H). Normally, wing disc size control is manifested by a distribution of sizes with a distinct peak representing competition assays, cell competition still occurred when P35 was coexpressed with dMyc (data not shown). Conthe majority of the population. This pattern of size distribution is unchanged when DppGal4/dMyc is expressed sistent with the link between competition and wing size control, the overall disc size was not increased, despite in wild-type discs ( Figures 4E and 4G) , and a similar pattern is observed during overgrowth, in hid/ϩ or H99/ϩ the presence of additional dMyc-expressing cells (data not shown). discs expressing DppGal4/dMyc, or wild-type discs expressing Dp110 or CycD ϩ Cdk4 (data not shown). In Our experiments thus suggested that competitive interactions leading to hid-induced apoptosis are necesstriking contrast, discs in which cell death was prevented were widely variable in size and exhibited a relasary for the wing to maintain an appropriate size when dMyc is expressed. If so, preventing apoptosis of cells tively flat size distribution ( Figure 4H ). Thus, in the absence of apoptosis, the mechanism ensuring uniformity suffering from competition should cause discs to overgrow. To test this prediction, we introduced one copy of wing size is severely compromised. Together, our data suggest that apoptosis is required of either a hid null allele or the H99 deletion, which cell division and cellular growth-is not required to induce cell competition. dMyc expression increases clonal mass solely by increasing cell size (Johnston et petition and leads to overgrowth of the compartment in al., 1999). Thus, this trait of cell competition may be which the dMyc-expressing cells reside. related to a size-measuring mechanism that recognizes An important conclusion of this work is that apoptosis total mass rather than cell number (Neufeld et al., 1998) .
is critical for appropriate wing development. Our experiHowever, Dp110 also promotes growth primarily by inments demonstrate that apoptosis has two roles in regucreasing cell size, indicating that qualitative differences lating wing size. One role is uncovered when the disc exist in the cellular response to expression of dMyc is challenged by local changes in dMyc levels, condiand Dp110. Although both growth regulators increase tions in which cells are exceptionally sensitive to hid protein synthesis, dMyc probably does so by increasing gene dosage: the full hid complement is necessary for components of the protein synthetic machinery (initiathe disc to respond to competition properly and elimition factors and ribosomal proteins, etc.) (Orian et al., nate cells. However, a second role of apoptosis is re-2003), whereas PI3K signaling is thought to function by vealed when it is abolished: this role regulates uniformity increasing the utilization of existing machinery (Stocker of disc size, and its loss is manifested as a widening of and Hafen, 2000; Thomas, 2000). Regardless of the the range of disc sizes within a given population. This mechanism, our experiments argue against the notion second role of apoptosis indicates that organ overthat apposed populations of fast-and slow-growing growth is distinct from loss of organ size control. Wing cells always result in cell competition.
overgrowth-observed when cell competition is not executed during local growth perturbations-occurs such that, although larger than normal, wing size still falls Appropriate Size Control Requires Apoptosis We have provided three lines of evidence that indicate within a uniform range. In contrast, loss of size control is the absence of a discrete and reproducible size poputhat cell competition leading to cell death is required for control of wing size. First, growth induced by local lation and results from a failure to induce apoptosis during the process of growth ( Figure 5 ). Based on our expression of either Dp110 or cyclin D ϩ Cdk4 does not induce competition and causes wing overgrowth.
observations, we propose that hid-regulated apoptosis contributes to a disc-intrinsic mechanism that limits Second, when dMyc is expressed in all cells of the wing disc, the wing overgrows, whereas the introduction of variation in size by allowing elimination of cells. This mechanism may serve as negative feedback to the posiclones lacking dMyc leads to cell competition and to wings approaching normal size. Finally, genetic reductive aspects of growth during development. Loss of feedback control could allow stochastic variation in size, tion of hid prevents the cell death associated with com-
